1. Introduction {#sec1}
===============

Implant-associated infection (IAI) is one of the major complications in orthopedic and trauma surgery. The infection rates of fracture-fixation, total hip replacement (THR), and total knee replacement (TKR) surgeries are, respectively, around 5%, 1%, and 2%.^[@ref1],[@ref2]^ These rates increase exponentially for immunocompromised patients, like patients with (hemato)-oncologic disease or rheumatoid arthritis. After revision surgery infection rates can be as high as 5--40%.^[@ref3]^ IAIs are very difficult and costly to treat and lead to extensive morbidity and even mortality.^[@ref4]^

To prevent IAI, full eradication of bacteria that enter the body perioperatively is of utmost importance. Local delivery of high doses of antibacterial agents is generally needed to achieve such full eradication of planktonic and, especially, bacteria in a biofilm.

Local delivery of high doses of antibacterial agents might be achieved through additively manufactured (AM) porous titanium, which has been recently proposed as a promising biomaterial for bone substitution^[@ref5],[@ref6]^ as well as for orthopedic implants with improved osseointegration.^[@ref7]−[@ref9]^ Due to their lower elastic modulus, which is similar to those of bone,^[@ref10]^ porous metallic biomaterials are excellent candidates to prevent stress-shielding. A variety of porous structures with different geometrical designs could be contrived, thereby improving fluid transport, bone tissue regeneration, and, thus, implant fixation.^[@ref11]−[@ref13]^ More importantly, volume-porous AM structures have an extremely large surface area as compared to nonporous implants.^[@ref14],[@ref15]^ The much larger surface area of AM porous biomaterials provides an important advantage, because the intended effects of surface coatings tremendously increase. The surface area could be used for local delivery of high doses of antibacterial agents to achieve a multifunctional biomaterial that combines osteogenic nanotubular surfaces with silver nanoparticles (NPs) that release silver ions and, thus, induce strong antibacterial effects.^[@ref16]^

The strong antibacterial effects, however, come at the cost of cytotoxicity.^[@ref16]^ The toxic effects are not limited to silver ions, as other antibacterial agents and even antibiotics^[@ref17]^ also show various types of toxicity when administered in high doses needed for full bacterial eradication. Thus, toxicity prevents us from achieving full eradication of planktonic and, especially, bacteria in a biofilm around the implant.

In the current study, we propose to use the potential synergistic effects of multiple antibacterial agents^[@ref18],[@ref19]^ to avoid toxicity, but achieve full eradication of bacteria. Silver nanopartiles in combination with vancomycin revealed synergisitic antibacterial effects that make them suitable candidates for this study.^[@ref20],[@ref21]^ We therefore applied a coating based on chitosan and gelatin using electrophoretic deposition (EPD) to simultaneously deliver silver ions and vancomycin. Chitosan was chosen because of its bactericidal behavior^[@ref22],[@ref23]^ while gelatin was applied for mitigating^[@ref24],[@ref25]^ the adverse effects of chitosan on host cells. In the current study, we tested the chemical composition, release profiles, and antibacterial behavior of the materials in both short and long term.

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Medium molecular weight chitosan (Mw = 300 kDa and 82% degree of deacetylation) and gelatin from porcine skin were purchased from Sigma-Aldrich (Germany). Silver nitrate (AgNO~3~), vancomycin hydrochloride, and acetic acid (glacial, 99--100%) were also purchased from Sigma-Aldrich (Germany). Chitosan (0.5 mg/mL) and gelatin (1 mg/mL) solutions were obtained by dissolving the respective powders in 1% aqueous acetic acid solution and were subsequently stirred to promote dissolution. All reagents were analytical grade and were used without further purification. All glass containers were washed and rinsed with deionized water.

2.2. Manufacturing {#sec2.2}
------------------

Direct metal printing (DMP) on a ProX DMP 320 machine (3D Systems, Leuven, Belgium) was used to produce volume-porous titanium scaffolds. Magics (Materialise, Leuven, Belgium) and DMP control software were used for file preparation. The specimens had a cylindrical shape with a diameter of 8 mm and a height of 3 mm. The unit cell used had a dodecahedron geometry and a size of 1.1 mm. Pure titanium powder with spherical shape and chemical composition according to ASTM F67 (Grade 1) was used to produce the porous discs that are referred to as the as-manufactured (AsM) specimens from now on ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). The manufacturing process was executed under inert gas atmosphere with oxygen concentrations below 50 ppm. Afterward, the specimens were cut off the titanium base plate with wire electrical discharge machining and cleaned in demineralized water using ultrasound.

![(a) Macrographs of porous titanium specimens (scale bar, 1 mm).](am-2017-04950h_0001){#fig1}

The actual height and diameter of the specimens were measured. The average diameter and height were 8.13 ± 0.02 mm and 3.15 ± 0.03 mm, respectively. Based on these values, the relative density was calculated as 37.19 ± 0.83%. To assess the density of the bulk material of the struts, an OHAUS Pioneer PA214C balance and a density kit were used. Based on the Archimedes technique, the average strut (i.e., matrix material) density of 10 samples was 98.78 ± 0.63%.

2.3. Electrophoretic Deposition (EPD) {#sec2.3}
-------------------------------------

A platinum mesh was chosen as the anode, while the porous titanium specimens, placed at 1 cm distance, was the cathode. The deposition time (60 s to 20 min) and applied voltage (3.5--20 V) were optimized through a parametric study. Relatively homogeneous film was achieved with 10 V applied over 5 min of deposition. At the end of the process, the coated specimens were gently removed, rinsed with Milli-Q water, and left to dry at room temperature overnight. The unloaded chitosan and gelatin coating is referred to as 'Ch+Gel'. To incorporate vancomycin and silver into the coating, 0.5 mg/mL vancomycin (Ch+Gel+Vanco group) or silver nitrate (1 mM) (Ch+Gel+Ag group) solutions were mixed with the chitosan/gelatin compound for 45 min before deposition. For simultaneous delivery of both silver ions and vancomycin, lower concentrations of vancomycin, i.e., 0.2 mg/mL, was combined with silver nitrate (1 mM) (Ch+Gel+Ag+Vanco group).

2.4. Surface Characterization {#sec2.4}
-----------------------------

The optical photographs of the coatings were taken immediately after EPD with a Keyence (VH-Z20R/W/T, USA) microscope. Moreover, to assess whether the polymer had reached the inner parts of the scaffold, cross-section pictures were taken. For microscale pictures, a JEOL (JSM-6500F, Tokyo, Japan) scanning electron microscope (SEM) was used for observing the surface morphology. To estimate the thickness of the coating, a diamond tip was used to scratch the surface, followed by tilting the samples to 59.4°. In addition, the stability of the coating was assessed by comparing freshly coated samples with specimens left in sterile phosphate-buffered saline (PBS) for up to 28 days. Subsequently, they were analyzed using electron microscopy, comparing their structure and thickness with fresh specimens. The chemical compositions on the surface of the specimens were determined using both X-ray photoelectron spectroscopy (XPS) and Fourier's transform infrared spectroscopy (FTIR). The XPS analysis was performed using an Al Kα X-ray source with 1486.6 eV energy (K-AlphaTM, Thermo Electron, USA). For characterizing all binding energies, the reference peak was that of the C 1s (at 284.84 eV). The atomic percentage of all elements was obtained by normalizing the area of their corresponding peak with respect to the sum of the peaks of all elements. For the FTIR analysis, a PerkinElmer Spotlight (Waltham, Massachusetts, US) machine equipped with a mercury cadmium telluride (MCT) detector was employed. The scanning parameters were as follows: resolution, 2 cm^--1^; number of scans per spectrum, 32; and wavenumber range, 3200--750 cm^--1^.

2.5. Ag^+^ Release {#sec2.5}
------------------

Inductively coupled plasma mass spectroscopy (ICP-MS, Spectro Arcos) was used to measure the release of silver ions in the Ch+Gel+Ag and Ch+Gel+Ag+Vanco groups. Three samples per group were immersed in 500 μL of Milli-Q water and kept in an incubator at 37 ± 0.5 °C. The measurements were performed for time points 6 h, and 1, 3, 7, 14, and 21 days. The medium was refreshed completely after each time point. The measurements were repeated three times.

2.6. Vancomycin Release {#sec2.6}
-----------------------

UV--vis spectroscopy (Spectrostar Nano, BMG Labtech, Germany) was used to measure the vancomycin release at time points 6 h, and 1, 3, 7, 14, and 21 days. For each of the experimental groups, three samples per time point were kept in a phosphate-buffered saline solution (PBS) at 37 ± 0.5 °C and the medium was refreshed completely after each time point. The wavelength of the measurements was 280 nm. Each test was repeated three times to ensure the reproducibility of the results. A calibration curve with a root-mean-square (*R*^2^) of ≥0.998 was established by using different vancomycin solutions with concentrations of 1--100 μg/mL in PBS.

2.7. Minimum Inhibitory Concentration (MIC) of Silver and Vancomycin against *S. aureus* {#sec2.7}
----------------------------------------------------------------------------------------

A *S. aureus* strain (ATCC 6538) was grown overnight on blood agar plates at 37 °C. It was subsequently passed from the plate to 4 mL Cation Adjusted Mueller Hinton (CAMH) broth and incubated at 37 °C overnight. A fresh bacterial suspension was then prepared by adding 100 μL of the overnight culture to 4 mL fresh CAMH broth and incubated for approximately 2.5 h at 37 °C until OD: 0.6. This was diluted in 3× CAMH broth to OD: 0.06--0.01.

Next, 65 μL samples of the dilutions were transferred into a fresh tube with 10 mL CAMH broth. Then, a 2-fold dilution series of vancomycin was made in Milli Q in a 96-well plate.

For the combination of vancomycin and silver, 50 μL bacterial suspension, 50 μL vancomycin, and 50 μL silver nitrate were mixed.

2.8. Antibacterial Assay {#sec2.8}
------------------------

*S. aureus* ATCC 6538 strain was used as a model pathogen to assess both the short-term (6 h, 1 and 3 days) and long-term (7, 14, and 21 days) antimicrobial potential of the different experimental groups. A TSB medium supplemented with 1% glucose was used to culture the bacteria at 37 °C for 18 h. After dilution to OD600 0.01, the bacterial suspension was seeded on the specimens (three specimens per group for each time point) and incubated at 37 °C. For the long-term, planktonic antimicrobial efficiency was assessed, while for short-term, due to the possible presence of adherent bacteria or biofilm, both planktonic and adherent antimicrobial efficiencies were determined. The method adopted to enumerate planktonic and adherent bacteria was the plate counting method using serial dilution. To quantitatively assess adherent (biofilm) bacteria, the specimens were first rinsed with PBS three times, vortexed for 30 s in 2 mL PBS, and shaken for 15 min to remove the nonadherent bacteria.

2.9. Cell Culture and Live/Dead Assay {#sec2.9}
-------------------------------------

Osteoblast-like cells (2 × 10^5^ cells per specimen) from cell line MG-63 (ATCC, Germany) were cultured on three specimens from every experimental group. The culture medium was α-MEM medium (Invitrogen, USA) supplemented with 1% antibiotics (penicillin/streptomycin, Invitrogen, USA), 10% fetal bovine serum (Cambrex, US), and 0.2 mM [l]{.smallcaps}-ascorbic acid-2-phosphate (AsAP, Sigma-Aldrich, Germany) incubated at 37 °C, 5% CO~2~. Live/dead staining was performed after 2 days. The samples were incubated at 37 °C for 30 min in fresh medium containing 2 μM calcein AM and 8 μM ethidium homodimer-1 (Life Technologies, UK) as the staining medium. A fluorescence microscope (Olympus BX51, Japan) was used to qualitatively assess live (stained green) and dead (stained red) cells.

For quantitative metabolic activity, the resazurin (Alamar Blue) assay was employed at 1 and 3 days after culture. Alamar blue solution was prepared by dissolving 440 mM of resazurin (resazurin sodium salt, Sigma-Aldrich, Germany) in PBS, followed by a 10% dilution by adding the α-MEM medium (Invitrogen, US) supplemented with FBS (10%) (Cambrex, US) for a total of 600 μL per sample (three per group). The absorbance was measured at 544 nm (570 nm of subtraction) with a microplate reader (Fluoroskan Ascent FL, Thermo Fisher Scientific, Spain).

2.10. Statistical Analysis {#sec2.10}
--------------------------

One-way ANOVA with Tukey-Kramer posthoc analysis was performed with MATLAB R2016b (Mathworks, Natik, MA, USA) to assess the statistical significance of the differences found between experimental groups (threshold 0.05).

3. Results {#sec3}
==========

The nanocomposite coating achieved with EPD resulted in a relatively uniform film composed of chitosan and gelatin covering the surface of the implant as well as the inner struts, optimally exploiting the high surface area of volume-porous specimens ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). The polymers deposited through EPD reached some of the inner parts of the porous structure ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d). The internal surfaces of the specimens were covered with uniform Ch-Gel coating ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b) with an average thickness of around 32 μm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c) which reduced to 14 μm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d), i.e., nearly half of the fresh ones, after 28 days immersion in PBS with clear signs of degradation. The ATR-FTIR spectrum of chitosan--gelatin matrix, showed strong peaks at 1100, 1150, 1300, 1630, and 1550 cm^--1^ ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The first three values are distinctive of polysaccharide structures for C--N stretching, C--O stretching, and O--H bending, respectively.^[@ref26]^ On the other hand, 1630 and 1550 cm^--1^ are spectrum peaks characteristic of gelatin, due to amide I, −CONH-- stretching, and amide II, −NH~2~ stretching, respectively. The surface elemental composition results ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) showed double-peaks at 464 and 458 eV, which are, respectively, representative of Ti 2p~1/2~ and Ti 2p~3/2~, validating the composition of the titanium bulk material. The high amounts of carbon and nitrogen confirm the presence of chitosan and gelatin. High resolution XPS has been performed to assess in detail the orbital splitting of silver ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f). The Ag 3d~5/2~ peak could be split into two subpeaks after deconvolution: one at 367.9 eV and one at 368.4 eV, revealing the contribution of both Ag and its oxides, more specifically AgO.^[@ref27]^ Ag 3d~3/2~ is also composed of two peaks at 372.9 and 374.4 eV, again corresponding to the presence of both Ag and its oxide compounds.^[@ref28]^ These results are line with those found in previous studies.^[@ref29],[@ref30]^ The peak at 200 eV affirms the presence of Cl, which is representative of vancomycin. The slightly high concentration of C could be assigned to imide and amide groups.^[@ref31]^ All the characteristic peaks seen in the previous pictures are observed in the combination group as well, validating the presence of both antimicrobial agents.

![Optical microscopy image of the coated porous titanium: (a) 5×, (b) 100×. The cross section of a coated specimen. EPD enables application of hydrogels as a filler as well as a coating: (c) 5×, (d) 100× (scale bar, 1 mm).](am-2017-04950h_0002){#fig2}

![SEM pictures of the coated specimens show successful deposition of the polymer: (a) 120×, (b) 1000×. A selected spot at which the coated and noncoated parts of the specimen could be concurrently seen in order to estimate the coating thickness: (c) fresh coating (1000×); (d) after 28 days (1500×).](am-2017-04950h_0003){#fig3}

![FTIR spectra of chitosan and gelatin polymeric matrix.](am-2017-04950h_0004){#fig4}

![XPS spectra of the specimens from (a) AsM, (b) Ch+Gel, (c) Ch+Gel+Ag, (d) Ch+Gel+Vanco, (e) Ch+Gel+Ag+Vanco groups, and (f) high resolution spectra of silver.](am-2017-04950h_0005){#fig5}

The MIC values of vancomycin and silver ions (AgNO~3~) were 0.5 μg/mL and 97.7 μM (8.3 ppm), respectively ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b04950/suppl_file/am7b04950_si_001.pdf)). More than 1 order of magnitude lower concentration of silver ions (corresponding to a drop in AgNO~3~ concentration from 48.8 to 3.1 μM) was needed when 0.25 μg/mL of vancomycin was present.

As for the release of vancomycin from Ch+Gel+Vanco and Ch+Gel+Vanco+Ag groups, the former group showed an initial burst release, followed by a slow release down to 0.7 μg/mL after 21 days ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). The combination group, on the other hand, showed a much slower release such that at time points 14 and 21 days it even surpassed the Ch+Gel+Vanco concentrations ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a).

![Release profile of vancomycin (a) and silver ions (b) from the different groups and comparison with the MIC line.](am-2017-04950h_0006){#fig6}

After an initial burst release, the concentration of silver ions had already fallen below the MIC at day 1 for Ch+Gel+Ag ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). The combination group, on the other hand, showed a substantially slower release with no sign of burst release, which is in line with the release profile of vancomycin for Ch+Gel+Ag+Vanco ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). Nonetheless, the values of silver ions released for this group were all below the MIC from the first time point on.

A very low level of toxicity was detected for Ch+Gel at day 1 but not at day 3 ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Cytotoxicity was observed for silver-containing groups at both time points, nonetheless, cell proliferation was noticed at day 3 as compared to day 1 ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The coating containing only vancomycin showed no toxicity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). According to the live/dead assay ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}), except for the groups containing silver, no other group showed cytotoxic effects, which is in line with the results of the Alamar blue assay. Although the presence of dead cells (red dots) is noticeable in two groups, some proliferation could still be observed after 2 days ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).

![Alamar blue assay results for the specimens from different groups for up to 7 days.](am-2017-04950h_0007){#fig7}

![Live/dead images on MG63 osteoblast cells for all the experimental groups after 2 days (scale bar 200 μm): (a) AsM, (b) Ch+Gel, (c) Ch+Gel+Ag, (d) Ch+Gel+Vanco, (e) Ch+Gel+Ag+Vanco.](am-2017-04950h_0008){#fig8}

As compared to the AsM group, the Ch+Gel (containing only chitosan and gelatin) group showed over 2 log reduction in the number of the planktonic and biofilm bacteria for up to 24 h ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} a,c). This efficiency dropped dramatically for planktonic bacteria at day 3 and the subsequent long-term time points ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,b), while for the adherent bacteria a nearly 75% effectiveness was still retained at day 3 ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c). No bacterial inhibition was seen after 7 days for the Ch+Gel group ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b). All the other agent-containing groups maintained at least 5 log reduction of both planktonic and biofilm bacteria up to the last time point, i.e., 21 days.

![Short-term (a) and long-term (b) killing effect against planktonic bacteria as well as the short-term killing effect against adherent bacteria (c).](am-2017-04950h_0009){#fig9}

4. Discussion {#sec4}
=============

Here we showed that simultaneous delivery of silver ions and vancomycin from additively manufactured porous biomaterials together with the antibacterial effects of chitosan could be used to fully eradicate planktonic and adherent bacteria with only moderate levels of cytotoxicity for the host cells. According to the Gristina's concept of "race for the surface",^[@ref32]^ if host cells and proteins reach the implant before bacteria, there is a high chance that they will cover it, thereby preventing colonization by pathogens. There is, however, a toxicity barrier that often prevents full eradication with a single antibacterial agent without causing a high level of toxicity. While eradication of planktonic bacteria should be possible with concentrations somewhat higher than MIC, much higher concentrations of antibacterial agents may be needed to fully eradicate adherent bacteria, and up to 1000 times higher concentrations have been reported to kill adherent (biofilm-related) bacteria.^[@ref33]^ This could have serious toxicity concerns for silver ions^[@ref16],[@ref34]^ as well as vancomycin that might cause nephrotoxicity.^[@ref35]^ With the current designs of chitosan--gelatin EPD-based delivery system, full eradication for both planktonic and adherent bacteria is reached with Ag, vancomycin, and their combination.

The delivery system itself has some bactericidal activity likely through the collapse of the bacterial membrane^[@ref22]^ caused by interaction of the negatively charged teichoic acid's phosphate groups present in the *S. aureus* membrane with the positively charged amine groups of chitosan.

This contact-killing approach could also negatively affect host cell adhesion and impart implant integration. However, the second component of the delivery system, i.e., gelatin, presents RGD motifs, which prompt adhesion of osteoblasts that likely compensates the toxicity of chitosan ([Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, [8](#fig8){ref-type="fig"}). At day 1, a statistically significant difference is seen between AsM and Ch+Gel groups in the Alamar blue assay, which might exhort a potential toxic effect of chitosan. According to the FDA-approved ISO 10993--5 standard for quantitative biological evaluation of medical devices, "a reduction of cell viability by more than 30% is considered a cytotoxic effect".^[@ref36]^ However, the difference between AsM and Ch+Gel at day 1 is less than 11%, meaning that the observed levels of cytotoxicity have limited practical relevance.

When adding silver to the Ch+Gel, the specimens achieved full eradication of both planktonic and adherent bacteria, while only moderate levels of cytotoxicity were observed. Given that the concentration of silver ions is rather low, this effect is likely attributed to the synergy between silver ions and chitosan, as reported earlier.^[@ref37]−[@ref39]^ As a consequence, the cytotoxicity level is limited as compared to the designs we presented in a previous study.^[@ref16]^ Since silver is active against a broad spectrum of bacteria^[@ref40]^ including methicillin-resistant *Staphylococcus aureus* (MRSA), this potential solution for the cytotoxicity problem could open new avenues for its safe clinical application.

From a mechanistic viewpoint, the antimicrobial mechanism of silver is conceived to consist of contact-killing by means of positive ions that permeabilize bacterial membranes by interacting with its thiol groups, causing DNA condensation, and impairing growth.^[@ref41]^ The presence of chitosan as our main polymeric matrix, with its amino and hydroxyl ligands that could act as anchoring sites for metal ions may (absorb and therefore) reduce the amount of silver ions released in the environment.^[@ref42]^ As chitosan increases the permeability of the bacterial membrane, the silver ions will more easily enter and kill the bacteria.^[@ref38]^ A number of additional action mechanisms^[@ref37],[@ref39]^ including the effects of the positive charges of chitosan on improving the binding of silver to the anionic bacterial membrane have been also suggested.

The specimens with the Ch+Gel+Vanco group also achieved full eradication of bacteria while not exhibiting any sign of cytotoxicity. However, the release profile of vancomycin shows that the concentration of vancomycin at 6 h, 1 day, and 3 days is, respectively, 460, 120, and 28 times higher than the MIC. While such high systemic levels of vancomycin could normally lead to nephrotoxicity levels,^[@ref35]^ the current concentrations are only local and systematic concentrations will be much lower away from the implant, likely being substantially lower, depending on the implant size and amount of coating applied.

Adding silver to the previously discussed group of Ch+Gel+Vanco again fully eradicated both planktonic and adherent bacteria but induced some level of cytotoxicity for the MG-63 cells similar to the Ch+Gel+Ag group. An interesting observation was that the addition of silver tremendously decreases the burst release of vancomycin during the first few hours to first few days ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a), making the vancomycin levels considerably lower, likely further lowering chances of nephrotoxicity particularly for larger implants. A similar effect was observed for silver ions ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b), which was reduced by a factor of 5 at 6 h as compared to the Ch+Gel+Ag. Even though the concentrations of both agents are much lower, the specimens from this group with combined agents apparently behave in a synergistic manner^[@ref43]^ showing extremely high levels of bactericidal effects and achieving full eradication of planktonic bacteria while inhibiting biofilm formation. From the mechanistic viewpoint, the increased membrane permeability due to the presence of silver ions (even at sublethal concentrations) has been proposed as a boosting mechanism for the activity of larger antibiotics like vancomycin against both Gram-positive and Gram-negative bacteria.^[@ref18],[@ref19],[@ref43]^

4.1. Clinical Perspective {#sec4.1}
-------------------------

Complex bone reconstruction as well as trauma and implant revision surgeries often necessitate large wounds that are open for several hours with a significant chance that a sizable number of bacteria will enter the body and induce an infection during the first days when the implant is not encapsulated by host cells. Failure to fully eradicate those bacteria could result in biofilm formation that is notoriously difficult to treat.^[@ref44],[@ref45]^ In particular, the immune systems of the most vulnerable patients such as orthopedic oncologic or rheumatoid patients may be too compromised to handle the perioperative influx of bacteria. The results of the current study show that simultaneous delivery of multiple antibacterial agents is a promising approach to achieve full eradication of bacteria, while addressing the local and systemic toxicity concerns.

Not only can the simultaneous delivery of silver and vancomycin exploit the synergistic antibacterial effects, but it could also offer advantages in terms of adjusting the burst release from a few hours to a few days, thus preserving the drug reservoir for more sustained delivery as well as mitigating some (short-term) toxicity concerns. Due to the open pore space with huge surface area, the porous implant with an electrophoretic deposition based coating enables controlled (high dose) release of multiple antibacterial agents as well as growth factors.^[@ref46]^ Chemotherapy and/or radiotherapy treatments experienced by the orthopedic oncologic patients not only compromises the immune system but could also impair bone metabolism,^[@ref47]−[@ref49]^ thereby lowering bone quality and making osseointegration and implant fixation more challenging. Further optimization with additional delivery of drugs and growth factors to stimulate osseointegration could therefore be of high clinical relevance.

5. Conclusions {#sec5}
==============

In this study, we covered the huge surface area of additively manufactured porous biomaterials with electrophoretic deposition based coatings made from chitosan and gelatin that release silver ions and vancomycin. Compared to the previous studies with silver, where huge levels of cytotoxicity were required to achieve strong bactericidal effects, the results of the current study show how simultaneous delivery of silver and vancomycin achieves full eradication of bacteria and acceptable levels of toxicity for osteoblast (host) cells. This delivery method of multiple bactericidal compounds in combination with highly porous implants can greatly improve infection therapy in trauma and orthopedic surgery.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.7b04950](http://pubs.acs.org/doi/abs/10.1021/acsami.7b04950).Table of MIC results for vancomycin, AgNO~3~, and their combination against *S. aureus*. Agar plates used for CFU counting after 1 day. The first (a to e) and second (f to j) rows correspond to planktonic and adherent bacteria, respectively. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.7b04950/suppl_file/am7b04950_si_001.pdf))
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